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ABSTRACT
The systematic characterisation and solubility testing of precipitated compounds has allowed the most 
insoluble arsenic compounds to be identified and these may be candidates for disposal as waste. 
Precipitation of solids in the Fe-AsO4-SO4 system at pH<1 was carried out in the temperature range 150 - 
225˚C.  The phases which were identified were hematite, scorodite, arsenical ferrihydrite, and two 
unknown compounds which have been designated the Type-1 and Phase X compounds.  The scorodite and 
Phase X compounds were found to have very low solubilities (<5mg As/L by the US EPA criterion) and 
such materials may be considered suitable for disposal as wastes.  This conceptualised processing of 
arsenical liquors by the hydrothermal route has been named the "Scorodite Process" and this is considered 
to represent a realistic process option for arsenic disposal in the 21st century.
Through empirical solubility testing and comparison with natural analogues it can be predicted that 
crystalline scorodite should have a low solubility for prolonged periods of time.  Since scorodite is 
commonly found in many weathering zones and in most climatic regions of the world it is considered to be 
the most stable arsenate compound formed in nature and may be suitable for arsenic disposal purposes. 
P.M. Swash and A.J. Monhemius 
INTRODUCTION
Arsenic is a toxic and carcinogenic element that presents major problems to the metallurgical 
industries of the world mainly due to its overproduction, and to the tightening of environmental legislation 
regarding its disposal into the environment.  Industry is acutely aware of the problems of heavy metals and 
is realising that technology and research must be targeted to minimise any long term global risks.  
In the processing of arsenical wastes numerous methods have been proposed for the stabilisation of 
arsenic to minimise its release into the environment.  The ideal arsenic compound for disposal must be 
highly insoluble and have long term stability and its formation must be practical and cheap.  A totally 
insoluble arsenical compound is obviously an unobtainable ideal, therefore a realistic compromise must be 
identified to confine any soluble arsenic to metallurgical dumps and protect ground and surface water from 
contamination.
The conventional methods for disposing of arsenic from hydrometallurgical solutions include: i) 
coprecipitation as arsenical ferrihydrite and ii) precipitation as calcium arsenites and arsenates.  The long 
term stabilities of these compounds are in doubt as they can undergo physical and chemical changes with 
time (Hopkin, 1989; 1993).  An alternative route for the formation of stable arsenic compounds is 
hydrothermal precipitation. 
The mining industry has conventionally exploited those mineral deposits which were high grade, 
near surface and those requiring simple metallurgical processing and has left the more refractory and 
metallurgically complex ores for future generations.  Those more complex ores can contain high levels of 
arsenic.  Yet in future environmental regulations will force the metallurgical industries to reduce the levels 
of heavy elements in flue gase emissions and minimise the wastes and effluents entering streams and 
ground waters.  This could make the exploitation of these ores prohibitively expensive.  Environmental 
constraints may become of such a major cost that in future they may dictate the viability of mining 
operations and influence the choice of metallurgical process routes.  
The health and environmental concerns over the use of arsenic has given rise to restrictive 
legislation and regulatory criteria and these will reduce the consumption of arsenic presently used in: wood 
preservatives, fungicides, glass, ceramics, non-ferrous alloys and other lesser uses (USBM, 1985; Roskill, 
1988).  This will further exacerbate the problems of oversupply of arsenic and its disposal.
The supply and demand of arsenic is difficult to estimate (Loebenstein, 1992), the largest producers 
are China and Chile (each around 10 000 tons of arsenic oxide per year) both of which are likely to increase 
production over the next decade.  Estimates for the world arsenic oxide production are about 50 000 to 100 
000 tons mainly derived from the processing of copper, lead and zinc ores.  Demand for arsenic is 
considered to be decreasing with a reduction in the use of agricultural chemical and wood preservatives, 
however, the US still requires 20 to 30 thousand tons per annum of arsenic.  During processing about 10 
000 tons are released into the environment either as tailings, slags or particulate materials formed during 
pyrometallurgical operations.  Arsenic oxide that is not sold is stored until suitable markets become 
available or a suitable technology for its disposal is developed.
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GEOCHEMISTRY OF ARSENIC
Arsenic is ubiquitous and owing to its chalcophile nature it tends to concentrate in a wide range of 
sulphide minerals and for this reason it occurs in many types of precious and base metal deposits world 
wide.  The sulphosalts are the most important source of arsenic and are usually composed of As, Sb and Bi, 
linked with sulphur together with Cu, Ag and Pb (see Table I).  The arsenite and arsenate minerals can be 
considered to be secondary minerals derived from the oxidation of the primary arsenic bearing minerals. 
The secondary minerals often contain hydroxyl or water of crystallisation which appears to help stabilise 
the compounds under environmental conditions.  A comprehensive listing of the 196 documented arsenic 
minerals is given in a paper by Gonzalez and Monhemius, 1988. 
Arsenic is classified chemically as a non-metal or metalloid, although it is grouped with the metals 
for most environmental purposes.  It is a member of the Group VB elements (P, As, Sb, Bi) in the periodic 
table and the ground-state electronic structure of arsenic, as with all Group VB elements, features 3 
unpaired electrons ns2 np3. and its chemistry is similar to phosphorus and antimony.  It occurs as the 
valency states -III, 0, III, and V.  The arsenic oxides are amphoteric showing ionic and covalent 
characteristics, and thus soluble in both acids and bases.  Arsenic combines readily with carbon and can be 
incorporated into many organic metallic compounds in both the +III and +V states.  The organoarsines are 
derived from arsine (AsH3), by replacement of one to three hydrogen atoms by alkyl, cycloalkyl, aryl, or 
heterocyclic groups.  The tertiary arsines have the most importance and are widely used as ligands in co-
ordination chemistry.  The organoarsenic acids, R2AsO(OH), are important commercially, especially the 
dimethyl compound (cacodylic acid).  
Arsenic chemistry is complex, involving a variety of valency states, anionic and cationic species, 
and it occurs as both inorganic and organic compounds and these are all commonly found in solid arsenic 
wastes, often at the same time.  To further complicate the issue, the valency changes easily and reversibly 
with redox potential.
While the predominant form of arsenic in natural waters is arsenate, arsenic may also be found as 
arsenite, arsine, monomethylarsenate, dimethylarsenate, dimethylarsine, trimethylarsenate and 
trimethylarsine.  In geothermal fluids arsenic is transported mainly as the arsenite, but at elevated 
temperatures the As(III) oxidises to As(V) (Ferguson and Garvis, 1972). 
Arsenic speciation has been investigated in a number of studies (Boyle and Jonasson, 1973; 
Ballantyne and More, 1988); this has enabled Pourbaix (or Eh-pH) diagrams to be generated which enable 
predictions to be made on the stable species in aqueous systems.  Much thermodynamic data exist for low 
temperature solutions and realistic assessments of effluents can therefore be made.  
Arsenical dusts
The metallurgical treatment route for an ore or concentrate dictates the types of arsenical wastes 
and effluents that are produced.  Smelting and roasting of sulphides operate usually at temperatures >700˚C 
and this easily volatilises the arsenic, which moves as the As(III) oxide with the exhaust gases (mainly 
SO2).  It is captured in bag houses and electrostatic precipitators as flue dusts (up to 30wt% arsenic) and is 
recovered as As2O3, and may also contain minor amounts of As2S3 and As2O5.  Significant amounts can 
also be recovered in the acid plant (As(III)) with sulphuric acid.  
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The recycling of arsenic dusts (which can contain significant amounts of base metals) to the smelter 
is often practised in an attempt to recover the base metals and to incorporate some of the arsenic into the 
slags.  The dusts may also contain minor amounts of selenium, bismuth, mercury, antimony and thallium 
which may be detrimental to the quality of the final metal product.  Recycling of these dusts can also 
ultimately increases the concentration of arsenic in anode copper destined for refining (Twidwell, 1985; 
Hoffman, 1993).  This may in turn build up in the refinery electrolyte solutions (up to 20g As /L) and may 
have a deleterious effect on the operation, therefore removal of arsenic from the smelting - refining cycle is 
often recommended (Wolfe, 1983; Tozawa et al., 1978; Harris and Monette, 1985; Kunter, 1992).
Table I.  Common arsenic bearing minerals
Mineral Formula
Arsenides
Loellingite FeAs2
Safflorite (Co,Fe,Ni)As2
Skutterudite CoAs3
Sulphides and Sulphosalts
Arsenopyrite FeAsS
Cobaltite CoAsS
Enargite Cu3AsS4
Glaucodot (Co,Fe)AsS
Orpiment As2S3 (yellow)
Realgar As4S4 (orange-red)
Tennantite (Cu,Fe)12As4S13
Arsenical Pyrite Fe(As,S)2
Oxides
Arsenolite As2O3
Claudite As2O3
Arsenates
Erythrite Co3(AsO4)2.8H2O
Olivenite Cu2(AsO4)OH
Pharmacosiderite Fe3(AsO4)2(OH) 3.5H2O
Scorodite FeAsO4.2H2O
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Arsenical slags
Although very little quantitative published information is available on the arsenic content of base 
metal slags, only minor amounts of arsenic (<<0.5%) are likely to become incorporated into the slag, this is 
because arsenic oxide has only limited solubility in conventional silicate slags at normal operating 
conditions (Yazawa and Takeda, 1986).  The distribution of arsenic between matte, slag and vapour can 
differ according to the operating conditions, also much of the arsenic is recycled (Steinhauser et al., 1984) 
estimates of 80% of the total arsenic moving with the vapour phase have been reported, the remainder is 
partitioned equally between matte and slag (i.e. ~10% each).  How much of this arsenic is retained in the 
siliceous matrix and how much is in matte droplets entrained within the slag is not known.
Testwork conducted at small scale (Machingawuta and Broadbent, 1994) has shown that up to 10 
wt% arsenic can be incorporated into the smelter slags in the form of calcined calcium arsenate, which is 
preferred due to its higher thermal stability as compared to that of iron arsenate.  When the slags are slowly 
cooled, crystals of calcium arsenate-type phases nucleate and grow, these compounds are soluble as 
determined from solubility tests and may not be suitable for disposal.  However, if the arsenate can be 
incorporated into a quenched slag the arsenic is incorporated into the glassy matrix and has been found to 
have very low arsenic solubilities.  The long term stability of this glass is unknown and the possibility 
exists that the glass may devitrify with time.  When this happens calcium arsenate may recrystallise from 
the glassy matrix and the solubility of arsenic will increase.  
Arsenical cements
Solidification/stabilisation is used for the disposal of some types of hazardous waste.  The method 
involves mixing arsenical sludges and wastes (up to 70%) with a cement binder to produce a solid which is 
structurally sound and relatively impermeable (Conner, 1990; Taylor, 1990; Roy, 1992; Khoe et al., 1994; 
Carter et al., 1994).  The solutions filling the pores in the cement will have high pH and calcium ion 
activity, under such conditions the arsenic is expected to combined with calcium and be immobilised.  In 
the cement ionic transport is decreased as the porosity and permeability are reduced on hardening.  The 
arsenic in the cement is retained by physical encapsulation and through incorporation into alumino-silicate 
compounds; however, the actual distribution of arsenic in the cements has not been fully quantified. 
During solubility testing of arsenical cements the high levels of lime and calcium compounds act to 
increase the calcium content and pH of test solutions and this helps prevent arsenic dissolution and leads to 
low arsenic levels in the filtrate (Emmet and Khoe, 1994).
Miscellaneous 
Arsenic from some metallurgical operations can be efficiently concentrated into a speiss (essentially 
an Fe-arsenide) which is material that has been considered for disposal.  However, as with all other 
arsenides and sulphides, with time speisses will undergo chemical and bacteriological breakdown (Harris 
and Monette 1988).  The ferrihydrite that forms from the breakdown of the speiss can readsorb the released 
arsenic from solution and can act to partially stabilise the material.  
Storage of arsenic in the metallic or oxide form has also been suggested, however, arsenic is 
unlikely to find a major use in the future and therefore storage in underground cavities can only be 
considered as a temporary solution.  The concerns with storage underground are the possible penetration by 
ground waters, and the necessity of upkeep and monitoring of the site in perpetuity so as to guarantee 
safety and security.
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Oxidation of arsenic trioxide
Usually it is desirable to have arsenic in the pentavalent form since this is more easily precipitated 
e.g. ferrihydrite, jarosite, calcium arsenate, and the pentavalent form has been shown to be the more stable 
form of arsenic.  For arsenic fixation as ferric arsenate, the conversion of As(III) to As(V) in solution is a 
requisite and is possible by using a number of strong oxidants (Tozawa and Nishimura, 1984; Teixeira et al, 
1990; Molnar, 1994).  Oxidation can be achieved using oxygen at 90˚C, the conversion is almost complete 
within 3 hours, however small residual amounts of As(III) (0.1g/L) can still remain in solution.  Air is even 
less effective with only about 50% conversion after 3 hours.  For more complete conversion, ozone, H2O2, 
oxygen gas, chlorine gas, or nitric acid, potassium permanganate and ammonium persulphate can be used 
(Harris and Monette, 1985).  Of these oxidants chlorine was considered to be the most efficient and cost 
effective for their particular application.  
LOW TEMPERATURE PRECIPITATION
Lime neutralisation
During hydrometallurgical and pyrometallurgical treatments of arsenic containing ores and 
concentrates some of the arsenic inevitably reports to the final effluents.  These process solutions must be 
treated to remove the toxic elements before they are released into rivers or recycled back to the plant.  The 
arsenic is conventionally removed from acidic solutions by a neutralisation process, the addition of lime or 
limestone or a combination of both being the most common practice.  The arsenic is removed by 
coprecipitation with available iron(III) in solution; if iron levels are low arsenate will combine with 
calcium to form calcium arsenate compounds.  As indicated in Figures 1 and 2 arsenical ferrihydrite 
precipitates preferentially to calcium arsenates, since the arsenic containing ferrihydrite starts to precipitate 
at a significantly lower pH (1 - 2) than the calcium arsenates (3 - 4).  Arsenites (As(III)), are not sufficiently 
stable for disposal purposes (Harris and Krause, 1993) and for this reason arsenic must be converted to the 
pentavalent form otherwise soluble residues will result.  
During neutralisation iron(III) undergoes hydrolysis (see reaction 1); the actual mechanism of the 
reaction is very complex even though the overall reaction may look simple (Denning and Rice, 1993).  First 
the hexa-aquo ferric iron starts to hydrolyse as the pH is increased.  The hydrolysis continues as successive 
aquo molecules are replaced by hydroxyl groups.  These reactions are very pH dependent and also some 
polymerisation takes place, with hydroxyl groups behaving as bridges between iron atoms (reaction 4) 
(Figure 3).  These polymeric molecules are important for the stabilisation of the colloidal particles where 
the charge on the particles is partly or completely neutralised so that they may coalesce as the iron 
precipitate starts to flocculate.  The rate of transition from the aquatic ferric ion to the hydrated ferric oxide 
depends on the pH, the concentration of ferric ion, the alkalinity, and the number of nuclei in the system.
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Figure 1.  The stability regions of the solids in the activity (pAs(V), pFe(III)) - pH diagram for the iron(III)-
arsenic(V)-water system (After Robins and Glastras, 1987)
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Figure 2.  The stability regions of the solids in the activity (pAs(V), pCa(II)) - pH diagram for the calcium-
arsenic(V)-water system (After Robins and Glastras, 1987)
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Hydrolysis
[Fe(H2O)6]3+ + OH-  <------------->  [Fe(H2O)5(H)]2+ + H2O (1)
Hydrolysis continues as successive aquo molecules are replaced by hydroxyl groups
[Fe(H2O)5(OH)]2+ + OH-  <------>  [Fe(H2O)4(OH)2]+ + H2O (2)
[Fe(H2O)4(OH)2]+ + OH-  <------>  [Fe(OH)3]aq + 4H2O (3)
Polymerisation
2[Fe(H2O)5(OH)]2+  <------------->  [Fe2(H2O)8(OH)2]4+ + 2H2O (4)
The extent of polymerisation becomes more pronounced as the charge density of the iron species 
decreases.  This polymerisation process is important in that it promotes particle growth which in turn 
accelerates the adsorption of a coagulant onto the colloids (Denning and Rice, 1993).  In the presence of 
arsenic or other adsorbates the anions are effectively bound by the complex.
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Figure 3.  Polymerisation of a simple iron aquo-complex (see reaction 4)
Tozawa et al (1984) have shown the coprecipitation of arsenic with iron is more complete when 
arsenic is in its pentavalent oxidation state.  Coprecipitation of As(V) was maximised at pH~4 - 5 while 
As(III) reached its maximum at ~pH8.  The coprecipitation of arsenic was shown to improve appreciably 
when the Fe:As molar ratio was increased above 2.  If the arsenic in solution is not present in the As(V) 
form it may not be readily precipitated.  Such a situation can arise during the bacterial leaching of arsenical 
concentrates where all the arsenic in the final leach residue may not have been fully oxidised during 
leaching and may lead to the leach residues having unacceptably high arsenic solubilities (Adam et al., 
1994).  From the knowledge that arsenic must be in the As(V) state and iron in the Fe(III) the detoxification 
of arsenical effluents with iron sulphate and hydrogen peroxide has been suggested (Teixeira et al., 1990).
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STABILITY OF RESIDUES
Krause and Ettel (1989) showed the effect of molar Fe:As ratio on the solubility of precipitated 
arsenic-containing ferrihydrites (see Figure 4).  The solids used in their studies were precipitated using 
caustic soda solutions for pH control, and the subsequent solubility data showed that a minimum molar 
Fe:As ratio of 4 was required in the solids to maintain an arsenic concentration of less than 5mg/L in the 
pH range 3 - 6.5 (see Figure 4).  It was also reported (Krause and Ettel, 1985) that the presence of CO2 and 
reactive solids, such as pyrrhotite and pyrite, do not increase the solubility of arsenic and that accelerated 
ageing of the iron-arsenate precipitate does not significantly affect the arsenic dissolution. They also 
established that the solubility of natural crystalline scorodite is two orders of magnitude lower than that 
reported in the literature for amorphous iron-arsenate (see Figure 5).
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Figure 4.  Solubility as a function of molar Fe:As ratio (after Krause and Ettel, 1989) 
Until only recently there was controversy about the structure of the precipitated solids formed 
during lime neutralisation.  Robins (1990) considered unlikely the existence of the basic ferric iron 
arsenates proposed by Krause and Ettel (1989), stating that the only stable solid phases in the Fe(III)-
As(V)-H2O are scorodite and Fe(OH)3 and suggesting that adsorption of arsenic onto the hydroxide will 
occur (Waychunas et al., 1993).  Robins also reported that the extent of arsenate incorporation into the 
ferric hydroxyl polycations was solution concentration dependent and concluded that amorphous ferric 
hydroxide is a very effective material for binding and removing most As(V) from solution at pH4.  It has 
now become accepted that arsenate is adsorptively bound to ferrihydrite and is termed arsenical 
ferrihydrite. 
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Figure 5.  Solubility of amorphous and crystalline 
FeAsO4 at 23˚C (after Krause and Ettel, 1985) 
A number of workers have noted that the presence of calcium, sulphate or gypsum has a stabilising 
effect on arsenical ferrihydrites, and for this reason solubility tests conducted at different pH's using lime 
usually show lower arsenic values in solution compared to those using sodium hydroxide.  Khoe et al 
(1994) studied the effect of calcium on the adsorption of arsenic on ferrihydrite by adding calcium in the 
form of calcium nitrate.  They showed that increasing the initial calcium concentration consistently lowered 
the dissolved arsenate levels in alkaline conditions and they showed that sulphate did not play a significant 
role.  Using calcium nitrate they found that calcium tends to adsorb on to the ferrihydrite at elevated pH's 
and inferred that when using lime the calcium ions may behave similarly.  They found that lead, 
magnesium, strontium and cadmium are as effective as calcium at reducing dissolved arsenic 
concentrations at high pH when they are present at equal total concentrations (mole ratio of cation/Fe, i.e. 
M/Fe of 0.2).  On investigating the influence of silicic acid on arsenical ferrihydrite, they (Emmet and 
Khoe, 1994) found that it was adsorbed by the ferrihydrite and if the silicic acid was adsorbed first then the 
amount of arsenic adsorbed was substantially reduced.  Thus silicate ions reduce the adsorptive capacity of 
ferrihydrite.
Harris and Monette (1988) reported that co-adsorbed metal ions such as Cd, Pb and Zn enhanced 
the stability of arsenic precipitated with iron.  The presence of small amounts of coprecipitated base metals, 
notably Cd, Zn and Cu extended the pH stability region from 4 - 7 to 4 - 10.  Chemical analysis of test 
solutions taken over 8 years of continuous monitoring showed no indication that the residues were 
beginning to lose arsenic to solution.  However different mechanisms may be involved in the reduction of 
any residual arsenate depending on whether heavy metals or alkaline earth metals are co-precipitated. 
Khoe et al. (1994) supported these findings and found that sulphate ions have a minimal effect on the 
residual arsenate concentration.
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The long term stability of the residues following neutralisation can be studied using thermodynamic 
behaviour assuming equilibrium conditions.  The theoretical models can indicate the ultimate fate of a 
residue provided the parameters that could influence the system are predictable and quantifiable.  Robins 
(1990) suggested that arsenic-bearing ferrihydrite may be unstable over long periods because of its possible 
conversion to a more crystalline iron oxide phase such as goethite (Khoe et al., 1994).  Since these 
crystalline materials have a lower specific surface area than the original ferrihydrite phase, arsenic could be 
released into solution during the transformation processes.  Emmet and Khoe (1994) have however 
suggested that adsorbed species tend to stabilise the ferrihydrite and slow down the transformation.
In summary the work by Robins (1985) and other investigators (Krause and Ettel 1985; 1989) has 
shown that arsenical ferrihydrites with Fe(III):As(V) molar ratios of 3:1 and above are sufficiently stable 
for disposal.  Solubility data for arsenical residues derived from existing metallurgical plants given in the 
literature show very low solubilities and this further supports the stability of these compounds.  Often the 
resultant contaminant-bearing ferric sludge is disposed of in dams or ponds without further treatment.  At 
the optimal neutralisation pH of 4 - 5, residual dissolved arsenate levels as low as 20µg/L can be achieved 
with high Fe:As ratios in the initial solution.  However, the adsorbed arsenate species will be released if the 
solution pH is raised from the optimal value. 
HYDROTHERMAL PRECIPITATION
Background
While the precipitation of arsenic from solution as crystalline iron arsenate compounds is not novel, 
the understanding and control of the reactions has not been examined in any great detail.  Recent 
experimental work by Monhemius and Swash (1996a, 1996b) has examined some of the parameters that 
govern precipitation and these studies have made a big contribution to the understanding of arsenic 
behaviour during hydrothermal processing. 
The solubility of compounds is a function of their crystallinity with amorphous solids having higher 
solubilities than their crystalline counterparts (Nancollas and Mohan, 1970).  This is due to the higher 
surface area exposed to solution (kinetic effects) and to the influence of stronger bond energies in the 
crystalline compounds (thermodynamic effects).  Therefore it is necessary to study the nature and structure 
of a compound to understand its solubility which can in turn have a bearing on its long term stability. 
If the concentration of a solution exceeds the solubility product with respect to a solid phase, the 
new phase is not formed until a certain degree of supersaturation has been achieved.  Stable nuclei can only 
be formed after an activation energy barrier has been surmounted.  Small crystallites are more soluble than 
larger crystals and hence the energy barrier is related to the additional free energy needed to form the nuclei 
and is due to the surface energy of these small particles.  Once nuclei of critical size have been formed, 
crystallisation is spontaneous.  If the nucleus is smaller than one unit cell, the growing crystallite produced 
initially is most likely to be amorphous (Stumm and Morgan, 1970).  A critical number of ions are required 
to form clusters and an induction period is necessary for incorporation of a constant fraction into 
crystallites.  For solutions at elevated temperatures nucleation is actually promoted, the reason being the 
supply of energy into the system allows for the formation of an interface between the crystalline cluster and 
the solution/amorphous matrix.  
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This energy fixes the atoms and forms a more chemically stable material than the more disordered 
amorphous material.  The growth of crystals will occur in a number of successive steps:
a)  the transport of solute to the crystal solution interface,
b)  the adsorption of solute at the surface, and 
c)  the incorporation of the chemical constituents into the crystalline lattice.  An equilibrium will be 
established between growth and dissolution of the crystal which will be taking place 
simultaneously.  
Thermal precipitation in acidic aqueous solutions can involve the formation of a solid phase simply 
by heating the solution to higher temperatures.  This is a result of a reaction or series of reactions where a 
final solid product is formed and for which the equilibrium constant for the overall reaction increases with 
temperature.  However, investigations of high temperature aqueous systems have been impeded by the lack 
of high temperature thermodynamic data.  Much work has been directed to obtaining this data either by 
experiment or by the use of various empirical methods of estimation (heat capacities).  The most 
satisfactory extrapolation of data to high temperatures can be obtained by using the entropy correspondence 
principle of Criss and Cobble (1964a; 1964b) or a similar method proposed by Khodakovskiy (1969).
Kwok and Robins (1973) studied a number of simple base metal aqueous systems for which there 
were some published high temperature data and demonstrated that the conditions for thermal precipitation 
can be fairly accurately predicted and the results of these systems used as a basis for showing regions 
where high temperature separations are feasible. 
 The shape and size of the particles formed are due to a combination of nucleation, growth and 
aggregation phenomena.  During crystallisation there will be the gradual attachment of separate molecules 
to the cluster with the ordering and organising of the molecules into well defined structures which will 
become the crystal.  The nucleation rate increases with increasing temperature and may limit the average 
size to which the crystals grow, this may be due to changes in the relative rates of diffusion and surface 
alteration steps.  The rate of precipitation also increases at higher temperatures, the crystal size, shape and 
crystal modifications can also take place during this time (Sohnel and Garside 1992).
Nature of precipitates
From a consideration of the literature, a number of compounds can be expected to precipitate from 
Fe-AsO4-SO4 solutions at elevated temperature.  It is often the result of the transformation of goethite/
ferrihydrite (see Figure 6) and its formation is promoted at elevated temperatures (>120˚C).  Hematite is 
generally one of the most dominant phases precipitated from iron-containing solutions at elevated 
temperatures.  These are given in Table II (Chen and Cabri, 1986).  
For solutions enriched in iron and sulphate (sulphuric acid) it has been shown (Umetsu et al., 1976; 
Tozawa and Sasaki, 1986) that the iron concentration reaches a constant value due to the hydrolysis of 
ferric iron at elevated temperatures (200˚C) (see Figure 7).  Changing the acidity from low through to high 
will change the major iron compound precipitated from hematite to basic iron sulphate.  It has also been 
reported that the hydrolysis at elevated temperatures proceeds in one of three ways depending on the 
amount of free acid in the solution:
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a) Low acidity  (hematite)
Fe2(SO4)3 + 3H2O  ------>  Fe2O3 + 3H2SO4
b)  Moderate acidity  (jarosite + basic iron sulphate)
3Fe2(SO4)3 + 14H2O ------> 2(H3O)Fe3(OH)6(SO4)2 + 5H2SO4
2(H3O)Fe3(OH)6(SO4)2 + 3H2SO4   ------>  4FeOHSO4  + Fe2(SO4)3 +  10H2O
4FeOHSO4 + 2H2O  ------> 2Fe2O3 + 4H2SO4 
c)  High acidity  (basic iron sulphate)
Fe2(SO4)3 + 2H2O ------>  2FeOHSO4  +  H2SO4
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Figure 6.  Stability fields for iron compounds as a function of pH and temperature 
from 0.5M iron(III) sulphate solution (After Chen and Cabri 1986)
Crystalline scorodite has been successfully produced by numerous workers mostly from mixtures of 
iron(III) nitrate, chloride or sulphate and As(V) in solution.  Scorodite is produced at temperatures usually 
above 125 and up to 180˚C; the solids are pale green to apple green with characteristic IR and XRD 
patterns (Swash, 1994 and 1995b).  Scorodite has been precipitated from solution temperatures as low as 
80˚C after prolonged periods of nucleation and growth (Grossin, 1993; Demopolous et al., 1994).  
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 Ugarte and Monhemius (1992) were the first to characterise an unknown crystalline arsenate 
compound (designated as Phase X) formed in a number of high temperature hydrometallurgical 
precipitates.  The compound was identical to the materials produced in experiments by Stefanakis et al. 
(1990).  The chemical analysis and characterisation of arsenical residues following pressure oxidation of 
pure arsenopyrite (FeAsS) have been examined by Carageorgos and Monhemius (1993).  At temperatures 
above 200˚C a compound identical to those found by Stefanakis et al. (1990) and Ugarte and Monhemius 
(1992) was identified.  Papassiopi et al. (1994) carried out hydrothermal precipitation experiments and also 
identified the unknown Phase X.  This compound would therefore appear to be common to higher 
temperature precipitation from Fe-AsO4-SO4 solutions and appears to have a low solubility and should be 
comparable to those residues formed during the pressure oxidation of arsenical ores. 
Table II.  Compounds reported to be formed during hydrothermal 
precipitation from Fe-AsO4-SO4 solutions
Compound type Chemical composition Reference
Hematite Fe2O3  (Chen and Cabri, 1986)
Jarosite (H3O)Fe3(OH)6(SO4)2  (Dutrizac et al, 1987)
Basic iron sulphate Fe(OH)(SO4)  (Johannson, 1962)
(Posnjak and Merwin, 1922)
Arsenical ferrihydrite Fe2O3.xH2O + arsenate  
(ferrihydrite onto which 
AsO4 is adsorbed) 
(Waychunas et al., 1993)
Scorodite FeAsO4. 2H2O  (Harris and Krause, 1993)
Arsenic-rich Fe(III) compounds Fe(H2AsO4)3. 3H2O or 
FeAs3O9.6H2O  
Fe2(HAsO4)3. xH2O 
(D'Yvoire and Ronis, 1968)
(Swash, 1994, 1996b)
Phase X Fe2(AsO4)(SO4)(OH).nH2O  
Iron arsenate compound
Fe4(AsO4)3(SO4)(OH).15H2O  
Fe5(AsO4)4(SO4)(OH)  
Fe2(AsO4)(SO4)(OH)  
Fe3(AsO4)2(SO4)(OH)  
(Collins et al., 1988)
(Stefanakis et al. 1990)
(Ugarte and Monhemius, 1992)
(Carageorgos and Monhemius, 
1993)
(Papassiopi et al., 1994)
(Swash, 1994, 1996b)
EFFLUENT TREATMENT IN THE MINING INDUSTRY
In the solids derived from precipitation experiments at pH<1 in the Fe-AsO4-SO4 system with 
Fe:As compositions of <1:1 at temperatures above 125˚C a distinctive white powder is formed.  This has 
been designated the Type-1 material and is generally composed of very fine grained aggregates (< 2µm) 
(Swash, 1996b).   
The Phase X compound is sandy-brown in colour, crystalline in appearance and is produced from 
hydrothermal precipitations at pH<1 in the Fe-AsO4-SO4 system.  The crystalline Phase X grains are 
usually 5 - 50µm in size and found in solids derived from solutions with Fe:As compositions greater than 
1:1 and is usually formed at temperatures above 175˚C (Swash, 1996b).  The compound varies in 
composition but it is apparent from bulk chemical analysis on a number of solids that the Fe:As ratio is 
relatively constant at around 1.5:1 with some variation in sulphate (0 to 18%) and water content (see Table 
III).  From the available chemical and structural information the compound has an idealised composition of 
Fe3(AsO4)2(OH)(SO4). 
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Figure 7.  Relationship between sulphur content in precipitates and concentration of free sulphuric acid in 
the absence of other metal sulphates (After Umetsu, 1986)
The hydrothermal Fe-AsO4-SO4 system at pH<1
The Fe-AsO4-SO4 solution compositions represent common effluents and solutions derived from 
the leaching and processing of arsenical materials. It was found in mass balance calculations on Fe-As 
containg solutions (Swash and Monhemius, 1994) (Table IV) that usually 90% or more of the arsenic was 
precipitated during high temperature precipitation.  The Fe:As molar ratio of the solution requires to be at 
least 1:1 to enable the arsenic to combine with iron and therefore removed from solution.  In initial starting 
solutions with Fe:As <1:1 there is an insufficient amount of iron to combine with all the arsenic and for this 
reason any excess remains in solution, giving low arsenic yields.  The mass balance calculations showed 
that higher temperatures of hydrothermal precipitation yield greater arsenic removal from solution.  
EFFLUENT TREATMENT IN THE MINING INDUSTRY
The precipitation behaviour of iron from solution can be explained by its combination with 
available arsenic to precipitate scorodite (Figure 8).  Excess iron (Fe:As >1:1) is not precipitated at 150˚C 
while at higher temperatures (>150˚C) in media with high free acid concentrations the excess iron is 
precipitated as a basic iron sulphate and more fully removed from solution. 
Table III.  Chemical compositions of the arsenical compounds produced during precipitation 
Compound Fe
(%)
AsO4
(%)
SO4
(%)
Average
Fe:As (M)
H2O
(%)
Size
(µm)
Scorodite
FeAsO4.2H
2O
20
 to 
29
45 
to
70
up to
 5 1
11 
to 
17
up to 
20
Type-1
Fe2(HAsO4
)3.zH2O
where z<4
21
to
27
63
to
75
<1.0 0.7 - 0.9 <5 up to
 5
Phase X
Fe3(AsO4)0
.33(9-x-2y)
(OH)x(SO4)
y 
where x≤1 
and y≤1
29
to
38.0
41 
to
52
up to
18.0 1.50 up to
4
up to 
50
Table IV.  Arsenic mass balance, indicating the amount of 
arsenic (%) reporting to the precipitate
Precipitation
Arsenic precipitation (%) from different 
Fe:As solution compositions (Fe(III) sulphate 
used)
Temp (˚C) 1:1 1.5:1 2.3:1 4:1 9:1
225 93.2 90.9 94.1 99.9 53.9
200 94.2 96.4 96.9 100.0 87.5
175 93.9 97.2 92.4 99.8 63.2
150 92.7 93.2 62.2 99.1 nd
125 91.3 73.2 19.5 99.1 nd
P.M. Swash and A.J. Monhemius 
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E.g. A solid precipitated from a 9:1 solution at 225˚C yields
 ~90% basic iron sulphate and ~10% Phase X
Figure 8.  Distribution of compounds formed from Fe-AsO4-SO4 solutions (pH<1) 
(using Fe(III) sulphate) at different temperatures
Temperature was found (Monhemius and Swash, 1996a) to have an important influence on the rate 
at which arsenic is removed from solution.  The rate at which the arsenic is removed was found to be a 
function of the Fe:As ratio of the solution, with rapid precipitation being favoured by lower Fe:As ratios 
(1:1), while higher Fe:As ratios (>1:1) slowed the rates of precipitation.  All of these experiments showed 
very high levels of arsenic removal (>90%).  
Long duration precipitation experiments (10hrs) in the autoclave were carried out at temperatures 
of 150 and 190˚C, with Fe:As ratios in the starting liquors of 2:1, 1.5:1 and 1:1 (21, 16 and 10.5g/L Fe, 
using 13g/L As throughout).  Increased iron levels in solution showed an appreciable influence on the 
precipitation of the arsenic as illustrated in Figure 9.  The high iron containing solutions (>2:1) showed 
slower rates of precipitation than those of lower Fe:As ratio (1:1).  At lower temperatures (150˚C) 
precipitation of arsenate from solution was found to be reduced owing to slower rates of nucleation and 
mineral growth.  Precipitation of iron from solution was found to be strongly influenced by temperature and 
Fe:As ratio with increased iron removal at higher temperatures (190˚C) due to its precipitation from 
solution (Monhemius and Swash, 1996a). 
EFFLUENT TREATMENT IN THE MINING INDUSTRY
In 150˚C batch runs (Figure 9) the iron recoveries reached apparent equilibrium values of ~50%, 
~66% and ~100%, respectively, for the Fe:As ratio 2:1, 1.5:1 and 1:1 solution compositions.  This would be 
expected if part of the iron combined with available arsenate and precipitated as a scorodite (Fe:As 1:1) 
compound, with the remaining iron being left in solution.  The slower rates of precipitation from the high 
iron solutions indicate chemical interference during the nucleation and growth of the scorodite compound. 
At higher temperatures (190˚C) iron recoveries were very high and this was considered to be due to 
coprecipitation of amorphous iron compounds with the scorodite.  Chemical analysis of the solid 
precipitates reflect the higher iron and sulphate levels above those expected for pure scorodite or Phase X 
components (Table V).  Variations in the sulphate content of the scorodite-containing solids can be 
explained by the presence of an amorphous solid which may contain significant amounts of sulphate.  In 
general the rates of precipitation of the iron and arsenic are very similar and this supports the idea of the 
formation of a gelatinous precursor from which the crystalline compounds ultimately grow.
The solutions heated from ambient temperature and experimental runs where iron was injected into 
solutions held at high temperatures identified temperature, and Fe:As ratio as the most important 
controlling factors (Figures 9).  The results showed that usually greater than 95% of the arsenic can be 
removed from solution by using temperatures greater than 150˚C.  Injection of Fe(III) into As(V) solution 
at 190˚C resulted in the instantaneous formation of scorodite crystals.  At lower temperatures the rates of 
nucleation and growth of crystalline arsenate compounds are slower and this accounted for the reduced 
arsenic precipitation.  X-ray diffraction of solids removed from the autoclave after 5 mins at 190˚C showed 
they were composed of crystalline scorodite plus an amorphous phase, whereas solids taken from solutions 
heated to lower temperatures were totally amorphous (Monhemius and Swash, 1996a).
Table V.  Chemical analyses of selected final solids precipitated during 
Fe(III) injection experiments at different temperatures
Precipitation conditions Solids analyses
Fe:As soln.
(Molar)
Temp
(˚C)
Fe
(%)
AsO4
(%)
SO4
(%)
Fe:As 
(M)
1 150 15.0 38.30 3.33 1.0
1 190 23.0 57.17 2.34 1.0
2 150 24.8 53.84 7.35 1.1
2 190 30.1 41.26 17.07 1.8
P.M. Swash and A.J. Monhemius 
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Figure 9.  Arsenic precipitation curves for the 190 and 150˚C experimental runs 
(heating solutions from ambient temperature)
EFFLUENT TREATMENT IN THE MINING INDUSTRY
SOLUBILITY OF THE PRECIPITATES
In the USA the Environmental Protection Agency (EPA) insists that industrially derived waste 
solids are tested by a toxicity characterisation leach procedure (TCLP) (EPA, 1986).  The test assesses 
solubility by contacting the solid with a pH buffered acetate solution (pH 4.93, S:L - 1:20).  The slurry is 
agitated for 20 hours and the filtrate from the test must be below a 5mg As/L toxicity threshold, otherwise 
the material cannot be considered safe for disposal.  Due to the limitations of this test procedure it can only 
be realistically viewed as a screening test, to separate the soluble from the low solubility solids.  The 5mg 
As/L is an arbitrary value determined from practical evaluation of a wide variety of samples and 
consideration of effluents and drinking water standards.  In future this threshold limit may be reduced even 
further.
Hydrothermal arsenate precipitates are crystalline and have been shown to have low solubilities 
compared to solids produced by other treatment options (Table VI).  However, despite its low solubility, 
Robins (1985) has shown that even crystalline scorodite may not be perfectly stable in the neutral pH 
region and over extended periods of time it too will slowly decompose so that arsenic will enter the 
solution phase.  The arsenic would therefore be released only slowly to ground waters.  
Table VI.  Relative solubilities of the calcium and iron arsenates (after Swash, 1995b and 1996a)
Precipitation mineral-type Relative solubility 
(As mg/L in filtrate)*
Scorodite <5
Type-1 5 - 85
Phase X <5
Haidingerite }
Pharmacolite }
3120 - 4360
Guerinite 950 - 3680
Weilite 2170 - 3610
Ca-arsenate 1650 - 3600
Ferrihydrite
(Fe:As - 9:1) <0.5
Ferrihydrite
(Fe:As - 2.3:1)
1 -  2
* relative solubility using the US EPA TCLP test on precipitated compounds
EFFLUENT TREATMENT IN THE MINING INDUSTRY
From the solubility data on crystalline precipitates produced in the current batch experiments it may be that 
the solids in the early stages of the experiments (10 - 60 mins) had higher than normal solubilities (>2mg/L 
As in TCLP filtrates).  The colour (light brown) and the poor settling characteristics of these solids 
indicated that they were of low crystallinity, whereas the samples taken after 120 minutes were generally 
green in colour and settled very quickly.  Therefore with prolonged heating the soluble solids appeared to 
crystallise and yield solids with significantly lower solubilities.  
The erratic nature of some of the analytical results for the solubility tests suggests that washing was 
an important part of the solid preparation method and the higher than expected solubility of some of the 
final residues is explained by incomplete washing prior to the EPA TCLP tests.  The amount of soluble 
amorphous solid in the samples was estimated to be in trace quantities (<0.2%) yet such a component could 
result in residues having solubilities as high as 30mg/L as measured by the EPA TCLP test.
LONG TERM STABILITY OF ARSENICAL WASTES
Conventional thermodynamics provides a sound theoretical framework to examine and theoretically 
predict the behaviour of materials in the environment.  Solubility depends on the solubility product of the 
solid phase containing the arsenic and the equilibrium distribution of aqueous solutes containing arsenic. 
Equilibrium solubilities can be predicted with confidence for varying environmental situations.  The main 
practical limitation in using such data is the unknown rates of reaction (kinetics) especially when these 
solid-solution reactions are very slow.  Extrapolation of data measured over a very short time to a longer 
time scale may not be valid (Royal Society, 1994) due to the complex chemical reactions and changing 
environmental conditions. 
Solubility is not necessarily indicative of long term stability, cognisance must also be taken of the 
physical and chemical changes that the compounds can undergo with time.  Pure ferrihydrite is 
thermodynamically unstable compared to most of the other iron hydroxide-type phases, and with time will 
transform into goethite, hematite or a mixture of the two (Schwertmann and Cornell, 1991).  Eventually 
transformation of the arsenical ferrihydrite should occur, leading to the release of arsenic, which is not 
incorporated into the crystalline goethite lattice.  Kinetic data for the rates of polymerisation and 
recrystallisation of ferrihydrite with different adsorbates are currently not available, and the lack of these 
data has put into doubt the long term stability of these materials.  However, from X-ray diffraction results 
on dried arsenic-rich ferrihydrite, it has been found (Emmet and Khoe, 1994; Swash, 1994), that arsenate 
and other adsorbated species block or severely retard this mineralogical transformation.  
During lime neutralisation of arsenical effluents, arsenate is coprecipitated with ferrihydrite and the 
arsenate is adsorbed onto the solid.  While such solids have low solubilities when moist, the rate at which 
arsenic can be released will change if the ferrihydrite loses water which converts the ferrihydrite into a 
more dense dehydrated form.  It is probable that if arsenical ferrihydrites remain moist, they will retain 
their surface areas and adsorptive properties.  Such conditions will prevail if the climatic conditions provide 
sufficient rainfall to avoid the dehydration of the ferrihydrite.   
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In industry the formation of arsenical ferrihydrites and calcium arsenates and arsenites are 
considered as low cost operations (Laguiton, 1976) when compared to the arsenical slag, arsenical cements 
and hydrothermal precipitation routes.  However, if one considers the long term stability of the different 
arsenical products, the more expensive processing alternatives should be able to yield products that are 
significantly more stable.  
Quantitative long term stability data on the behaviour of most waste material are not available due 
to the difficulties in carrying out such experiments, so qualitative predictions must be made to assess the 
behaviour of the material under conditions which may promote the breakdown of the material in the long 
term.  For long term stability predictions standard solubility testing in conjunction with detailed 
characterisation of the residue and associated compounds can be considered to be the only realistic 
procedure.  Judgements should also be based on comparisons with geological and archaeometallurgical 
materials and rely heavily on basic scientific principles and the aqueous geochemistry of related inorganic 
and organic solutions.  
While conventional solubility testing always uses solutions which are oxygen saturated, natural 
ground waters can be very different in composition and contain high amounts of dissolved carbon dioxide 
and other organic acids making some solubility tests almost meaningless.  
Long term predictions on the chemical stability can only be guesses at best, even when taking into 
consideration thermodynamic principles and comparisons with natural analogues.  Physical coverings as 
barriers against wind and rain erosion are equally as important and also have got to be considered. 
Containment is very crucial and prevents wastes from being widely dispersed, the problems of arsenic 
dusts are often rarely addressed in discussions on toxic waste stability but these possibly present an even 
greater hazard than arsenic released to ground waters. 
GEOLOGICAL EVIDENCE
The disposal and long term stability of arsenical materials can be examined indirectly by the study 
and examination of naturally occurring arsenic minerals and weathering products under natural conditions. 
Such work has important implications in that arsenical compounds in geological systems can be considered 
to be analogues of metallurgically derived arsenical compounds on mine dumps and can thus give 
information on the long term behaviour of such compounds.  
The production of arsenical compounds with similar structures to those of low solubility natural 
minerals would be obvious materials for the disposal of arsenic, as such minerals have reached equilibrium 
with the environment over a prolonged duration.  Scorodite is the most common arsenate mineral (Bowell, 
1994) and can be considered to be one of the most stable arsenic bearing compounds.  The broad range of 
climates in which scorodite is found, together with the wide range of geological environments, reflects its 
stability.  The compound has stabilised arsenic which has usually been derived from the oxidative 
breakdown of arsenical sulphides.  Hydrothermal precipitation can simulate natural processes and can 
potentially stabilise metallurgical sources of arsenic.
The secondary minerals which form as the result of contact between arsenic and the environment 
are either kinetically stable compounds or are actually in a thermodynamically stable state.  They are most 
probably intermediate breakdown products when considered over geological time where the equilibrium 
conditions cannot easily be measured or established.  In general it can be said the relative rarity of other Fe-
arsenates and Ca-Mg-arsenates indicates that they are much less stable than scorodite (Gonzalez and 
Monhemius, 1988).  
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From a consideration of pH vs log activity diagrams for As(III) and As(V) (Robins, 1988) it is clear 
that As(III) compounds are very soluble compared with equivalent As(V) compounds.  This is also reflected 
in the mineral record by the predominance of As(V) over As(III) mineral species, which suggests that the 
latter are much less stable.  Localised conditions can change the Eh-pH regime and may dramatically 
influence arsenical mineral assemblages.  For example, in alkaline conditions such as those close to 
limestone host rock, the dissolution of calcium carbonate can raise the pH of natural waters well above 
neutral, where scorodite is more soluble.  However under these pH conditions the formation of calcium 
arsenates are favoured and would form preferentially.  
The predominance of iron arsenates over calcium arsenates in the geological record reflects the 
greater stability of the former.  This is supported by the solubility test data on precipitated calcium and iron 
arsenate compounds and is also predicted from consideration of published thermodynamic data on the 
solubility of arsenical solids precipitated at 25˚C.  The influence of carbon dioxide on calcium arsenates 
will play an important role on the survival of these minerals in the natural environment and explains their 
apparent low abundance in arsenical weathering products.  Carbon dioxide not only lowers the pH of 
alkaline solutions but also combines with the calcium in calcium-arsenate compounds to form calcite which 
is a more stable calcium compound.
While synthetic scorodite has a naturally occurring analogue, the Phase X compound does not. 
This suggests that the Phase X structure may have bonding insufficiently stable to allow its survival under 
environmental conditions.  The experimental finding that Phase X is formed at higher temperatures than 
scorodite infers that when removed from the high temperature equilibrium conditions, at which it was 
formed, it may be more unstable than the synthetic scorodite.  Conventional solubility testing may not be 
able to identify any significant differences in solubility between the two compounds.  However it would be 
predicted that scorodite is likely to be more stable under environmental conditions.  
HYDROTHERMAL PROCESSING CONSIDERATIONS
In the treatment of arsenical dusts and effluents to fix and stabilise the arsenic, hydrothermal 
precipitation is a realistic process option. The requirements are for an Fe:As ratio of only ~1:1, whereas in 
ambient temperature processing the formation of low solubility arsenical ferrihydrite requires the presence 
of significantly higher levels of iron (Fe:As >3:1).  
While hydrothermal precipitation is a feasible process option, the problem is how to integrate the 
process into existing circuits in a practical and cost effective manner.  For the treatment of arsenical dusts, 
sludges and sulphides, the use of pyrite as the source of Fe(III) can be considered.  Simultaneous oxidation 
of the pyrite and As(III) could take place with the formation of a crystalline scorodite.  
In highly acidic solutions where the Fe:As composition can be controlled to around 1:1 the 
possibility exists for using an adapted Hematite Process, similar to that used previously in the zinc industry 
(Ropenack, 1986), to bring about the formation of scorodite.  Reduction of iron and arsenic using sulphur 
dioxide could be used prior to removal of acid by lime or limestone addition.  The Fe(II) and As(III) would 
not be precipitated during neutralisation and the solution would form a low acid content feed for 
hydrothermal treatment in a multi-compartment autoclave or pipe reactor.
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More complex solution compositions such as those coming from the treatment of flue dusts and 
refinery bleeds may require correspondingly more complex treatment with the selective removal of arsenic 
by solvent extraction.  The arsenical pregnant strip liquor generated could be a suitable feed solution for 
hydrothermal treatment with the addition of iron to meet the stoichiometric requirements for the formation 
of crystalline iron arsenate.
Hydrothermal precipitation of a crystalline arsenate compound requires control of the Fe:As ratio in 
the solution feed and this may necessitate the blending of solutions to maintain a constant feed. 
Precipitation of a crystalline compound is readily achieved but it is recommended that free sulphuric acid 
should be kept well below 60g/L, otherwise precipitation is slow and may lead to the formation of high 
solubility compounds.  Retention times of 2hrs are envisaged, but may need optimisation depending on 
effluent composition and temperature of operation.  Precipitated iron arsenate solids may require counter-
current washing to remove any poorly crystalline material in the solids.  The variety of potential arsenical 
solution compositions that can be treated by precipitation methods are given in Figure 10 and 11.  
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Figure 10.  Potential sources of arsenical effluents that could be
 treated by hydrothermal precipitation
EFFLUENT TREATMENT IN THE MINING INDUSTRY
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Figure 11.  Summary of hydrothermal processing options
 to produce a crystalline residue
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The conversion of arsenic into the fully oxidised As(V) form is necessary for both the ambient 
temperature and high temperature precipitation routes.  This may be achieved by the addition of H2O2, 
nitric acid or by oxidation with air or pure oxygen.  The actual conditions of oxidation of arsenic must be 
optimised for individual effluents.
The advantages of hydrothermal precipitation in the removal of arsenic from suitable wastes and 
effluents include:-
•
Process simple (autoclave or pipe reactor)
•
Low volume of solid arsenical residue
•
Good filtration characteristics
•
Low solubility solid produced
•
Reduced lime consumption
•
Convert As(III) to As(V) in the same hydrometallurgical operation
The hydrothermal precipitation process is considered to be flexible and could potentially treat a 
range of feed materials as sources of iron and arsenic.  However, the use of sulphide-bearing solids will 
generate acid when oxidised (Table VII); this may not only interfere with precipitation but also requires 
neutralisation.  Therefore care must be taken in the choice of potential raw materials.  During experiments 
in solution whereby iron and arsenic are combined, the iron(III) sulphate is hydrolysed and for every mole 
of iron removed by precipitation, 1.5 moles of lime are theoretically required for neutralisation of the 
resulting acid in the final effluent.  If pyrite (FeS2) was used as the source of iron, stoichiometrically 2 
moles of lime would be required for each mole of iron precipitated.
Table VII.  Acid generating nature of potential feed materials 
during hydrothermal treatment
Acid generating 
compound
Chemical reaction stoichiometry
FeS2 (Pyrite) 7.5 O2 + 2FeS2 + H2O  -------->  Fe2(SO4)3 + 
H2SO4
As2S3 (Arsenic sulphide) 4As2S3 + 24O2 + 16H2O ------->  8HAsO2 + 
12H2SO4
Fe2(SO4)3 (Fe(III)) Fe2(SO4)3 + 3H2O  --->  Fe2O3 + 
3H2SO4
FeSO4 (Fe(II)) 4FeSO4 + 4H2O +O2 --->  2Fe2O3 + 
4H2SO4
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While laboratory-based studies can examine the stoichiometry of chemical reactions and establish 
the viability of an arsenic fixation route, decisions on the applicability of such a treatment route will depend 
on a thorough economic evaluation which must be done by the individual operator as the treatment will be 
site specific.  The techno-economic evaluation and cost benefit analysis must also examine the process from 
the point of view of long term environmental stability and management of the toxic repository.  It must take 
into consideration the particular climate, geography, infrastructure, size of plant, volume and composition 
of effluent, speciation of iron and arsenic, and variations in effluent composition.
The costs for the production of stabilised waste is obviously of importance to industry but this 
factor must be balanced against the long term stability of the material.  In future if the material becomes 
unsafe and a hazard to man it will require further reprocessing and incur further costs which may be many 
times that of the initial stabilisation step.  Diluting arsenic wastes into slags, cements and tailings may need 
to be reassessed as these become more expensive to reprocess at a later date (Table VIII).  Keeping the 
solid as a high grade crystalline material of low solubility certainly would appear advantageous over time 
so long as the compounds do not undergo any major mineralogical transformations.  
Lime neutralisation of effluents is designed to eliminate acidity, precipitate heavy metals and 'fix' 
any deleterious substances into a stable waste that can be readily disposed of.  The toxic compounds are 
diluted in the waste making it almost impossible to re-treat, recover or stabilise the entrained toxic 
elements.  In the treatment of some base metals there is a trend towards hydrometallurgical operations in 
preference to pyrometallurgical processes, this is partially environmentally driven in the belief that the 
toxic elements can be diluted into such residues.  Changes in environmental legislation could well change 
these long held views by requiring that the toxic elements be recovered and disposed of separately where 
they can be stored and monitored.
While chemical containment of arsenic is often utilised for long term stability the engineering of 
the physical containment is often not considered in enough detail.  In the Uranium industry toxic wastes are 
stored in deep repositories and perhaps arsenic should also be stored in a similar manner as shallow surface 
deposits cannot be considered safe.  This is because of the uncertainties with regard to mans future 
activities, hydrogeology, and some of the more extreme factors such as: climatic change, earthquakes, sea 
level changes, permafrost, glacial loading, erosion, and even meteorite impacts!  Based on the recent 
history of our planet the ownership of mining and metallurgical companies, governments and country 
boundaries all have changed considerably over the last century and who will take responsibility for toxic 
wastes in future will be open to debate.  The toxicity of arsenic does not disappear with age and future 
generations will insist on cleaning up all dumps containing toxic elements.  
Continuous monitoring of a waste site after the solids have been disposed of will be inevitable and 
the mining company who initially exploited the deposit will be responsible.  The idea that a mining 
company can walk away from a deposit after the reserves have been depleted will be a thing of the past. 
The dumps will clearly require care so as to reduce any mobilisation and dispersal of pollutants.  This will 
involve long term management to ensure environmental security and acceptability to government and local 
communities.  Prevention is better than cure and finding the most convenient compromise for arsenic's 
disposal will be required, hence the move towards clean and safe technologies in the treatment of arsenic. 
For this reason it is predicted that hydrothermal precipitation of stable iron arsenate compounds will be 
seriously considered by industry and may well become incorporated into precious and base metal 
processing operations in the near future.  
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Following the stabilisation and fixation of the arsenic as crystalline materials it is suggested that these 
residues should be disposed of in abandoned deep mines.
Table VIII.  Long term stability considerations for the various arsenic disposal options
Arsenical compound Long term disposal considerations
Arsenical ferrihydrite
(Fe:As >3:1)
ambient temperature precipitation
•
Dehydration leading to a more unstable 
compound
•
Recrystallisation to goethite?
•
Possibility of biochemical reduction of As(V) 
to As(III) and Fe(III) to Fe(II)
•
Dilute, voluminous material
Calcium-arsenates 
+ 
Calcium-arsenites
•
High intrinsic solubility.
•
Ca-arsenates converted to CaCO3 with release 
of arsenic (influence of atmospheric CO2).
•
High lime levels in the precipitated solids 
result in high pH's (11 - 12).  With time the 
lime is converted to CaCO3 - this leads to a 
reduced pH and an increased solubility of the 
calcium arsenate compounds.
Crystalline ferric arsenates
(Scorodite or the Phase X crystalline phase)
•
Compact, high grade arsenic materials of low 
solubility
•
In comparison with other arsenical 
compounds they are considered to undergo 
little physical or chemical change
•
The low solubility suggests that the solids 
should have reasonably long term stability?
Arsenical slags
(up to 10% arsenic)
•
Long term stability unknown - quenched slags 
show low solubility.
•
Require highly specific conditions for 
incorporation into slag 
•
Possibility of recrystallisation - devitrification 
leading to increased solubility
Arsenical cements •
If calcium compounds are fully carbonated 
this may reduce the buffering action and lead 
to reduced pH and arsenic precipitation. 
•
The arsenic may be chemically bound as 
calcium arsenate phases which are highly 
soluble. 
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CONCLUSIONS
Hydrothermal precipitation diagrams for Fe-AsO4-SO4 solutions at pH<1 show the distribution of 
compounds formed at various temperatures and Fe:As ratios in the iron arsenate system at elevated 
temperatures (150 - 225˚C).  It has been found that the most insoluble compounds that can be formed from 
Fe-AsO4-SO4 solutions at pH<1 are the Phase X (formed at temperatures above 175˚C) and scorodite 
(formed at temperatures above 125˚C).  While the crystalline materials have a low solubility, the long term 
stability of the compounds cannot be predicted with any degree of accuracy.
Empirical evidence for the stability of scorodite is provided by the study of secondary arsenate 
minerals, which are compounds that have been formed by the oxidative breakdown of arsenical sulphides. 
These have been formed as the result of contact between arsenic and the environment and this indicates that 
they are either kinetically stable compounds or are actually in a thermodynamically stable state.  When 
considered over geological time, equilibrium cannot easily be measured or established as the environment 
can be considered to be an open system and can constantly change.  The low solubility compounds are 
likely to remain as such and undergo only minimal change with time.  Since scorodite is commonly found 
in many weathering zones and in most climatic regions of the world, it is considered to be the most stable 
arsenate compound formed in nature and may also be suitable for arsenic disposal purposes.  
During hydrothermal precipitation experiments, removal of over 95% arsenic was achieved from 
simulated hydrometallurgical solutions.  The solids precipitated were found to be composed of scorodite, 
the Phase X compound, or a mixture of the two compounds.  The solubility of the compounds were found 
to pass the US EPA TCLP test and they were considered to be of a low enough solubility to be safe for 
disposal.  
It is suggested that hydrothermal precipitation is a realistic disposal option for the removal and 
immobilisation of arsenic from metallurgical dusts and liquors and could in future be incorporated into 
metallurgical operations as a unit process operation.
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